Abstract--Focus towards advanced mobile tactical configurations for railgun power supplies has resulted in the evolution of five compulsator generations in the past fifteen years. Unfortunately, the rapid maturation of the technology has tended to dilute the relative importance and application base of previous generations. Technical variance between generations has been significant including air-core or iron-core, rotating armature or field, single or multi-phase, solid rotor or shell, and externally excited or self-excited. It is useful, therefore, to review and classify the important distinctions between the generations of machines thus allowing proper selection of the one best suited for a given application.
I. INTRODUCTION T The University of Texas at Austin Center for Electromechanics (UT-CEM), compulsator (CPA) technology was first demonstrated as applicable to railguns with an ironcore CPA [1] that fired 80 g hybrid solid armatures at 2,000 m/s down a pair of 30-mm railguns (Fig. 1) . Delivering pulsed electric power at the 1 GW level, this machine was the highest power density synchronous generator in existence at that time. This single phase, rotating field, iron core machine weighed over 12 U.S. tons and was literally orders of magnitude away from having what is estimated to be an acceptable delivered energy density (DED) for tactical applications. DED relates total energy input into the railgun with power supply system mass, and has played a large role in the rapid development of the CPA since 1985. Although completely successful, the iron-core CPA was the first and last of its generation, rendered obsolete by the development of advanced air-core platforms using lightweight structural composites. Since the success of the iron-core CPA, three newer generations of the CPA have been designed, built, and tested at UT-CEM, and another is currently under development.
Innovative features and benefits unique to the previous generation CPA have been eclipsed by the latest advanced DED machine. It does not follow, however, that the latest generation is the best choice for all applications. Fig. 2 shows a list of the configuration options used in all CPAs developed at UT-CEM. There may be only one set of configuration selections that meet a strict set of mission requirements (such as those which emphasize DED), but more than one viable combination may be suitable for more general missions.
II. CPA OVERVIEW
The CPA is a synchronous generator intentionally designed to maximize short circuit current output by minimizing internal impedance through the action of flux compression and/or aircore topology. Flux compression is achieved through the use of special internal windings (compensating windings) normally referred to in one of three classes as passive, selective passive, or active. In some cases there may be no compensating winding used, although the field winding mimics the function of a wound compensating winding itself and will compress flux between itself and the armature for parts of the discharge cycle.
One other design that has evolved is called the "uncompulsator." As opposed to the previous high current output designs, this machine was proposed as a very high voltage pulsed electric machine. This device works by short circuiting a part of the output from the machine which naturally induces high voltage on the remaining output branches. It is the opposite (electromagnetic dual) of a CPA in which not only is the compensating winding eliminated, but also all the other means of suppressing over-voltages are removed [2, 3] .
There are many things to consider when designing a CPA because of the many inherent variations (as the block diagram of Fig. 2 shows) . Perhaps the most important decision to make is whether the machine is to be iron based or air-core. Knowing the mission requirements expedites this decision. In general, the iron-core machines are much more robust than their air-core cousins, at the expense of DED. However, the risk and expense in using the less efficient, air-core class machine forces careful consideration of the DED requirement. Phases -Unlike conventional iron core machinery, CPA winding forces are developed almost exclusively within the conductors themselves. In multiphase machinery, phase-tophase commutation loads lead to the desire for four phases rather than three. The single-phase machine has a natural current zero and passive energy recovery from the railgun. There are still projectile issues related to the removal of current before it exits the gun, however. A multiphase system offers much more flexibility in current waveform shaping, and the use of a muzzle shunt may alleviate the problems associated with current removal prior to exit.
Rotating field or armature -Both have been tested successfully at UT-CEM.
Brush duty and volume requirements usually lead toward selection of a rotating field.
Excitation -Iron-core designs may use either external excitation or self-excitation, as appropriate. Typical dc power requirement is 1,500 to 2,500 A at a few hundred volts. Aircore machines may have power requirements as much as 1,000 times those of the iron-core machine for charging efficiently, which mandates the use of self-excitation.
Energy reclamation -Magnetic energy can be reclaimed from the field coil and railgun. For iron-core applications, the field energy is low and energy reclamation is not generally warranted. Air-core design efficiency will suffer if the field energy is not reclaimed, however. Both topologies benefit from railgun energy reclamation. Reclamation from the railgun is passive when using a single-phase system. Table 4 shows the configurations of five CPA generations developed at UT-CEM for electric gun applications, beginning with the iron core CPA. Photographs of the machines for generations one through four are seen in Figs. 1, 3, 4 , and 5. The sharp rise in energy density has been brought about primarily in two areas, namely, composite materials and selfexcitation. In addition, the fielded compulsator will have to be cooled in order to support sustained mobile engagements. UT-CEM is presently developing this cooling technology for the latest CPA generation.
Structural materials for the advanced machines are composite because of their very high specific strength and stiffness properties. The machines are inherently air-core, which has in turn led to the use of self-excitation to produce the extremely high internal flux such devices require. The reasoning for all of this is fairly simple. It is readily apparent that iron-core CPAs are not suitable for pushing the envelope of attainable DED, so composite topology is an obvious alternative. Air-core machines, however, require much more (>10X typically) excitation than their iron-core counterparts. Self-excitation is the solution to this problem. Because the CPA is inherently capable of very high power railgun current pulses, then it is also able to provide the much lower power requirement that even the air-core field demands. Also, since the iron is absent, the generator flux can be established much faster and efficiency issues can be addressed.
Generator cooling is also under development now to allow the use of the CPA beyond basic laboratory shot numbers. Although there is no shortage of modern cooled rotating machines, none come remotely close to operating at the speeds, stresses, and strains of an advanced air-core CPA. There is still much work to be done.
With this overview of CPA operations in mind, a designer may select a combination of CPA topologies to provide power supplies matched to the requirements of each mission scenario.
III. COMPULSATOR MISSIONS AND THE APPLICATION GUIDE
Primary emphasis of CPA power development currently resides within the U.S. Army as it relates to advanced applications within futuristic combat vehicles. However, other branches of the armed forces have also shown interest:
• small-caliber [4, 5] and cannon-caliber [6, 7] systems, U.S. Marine Corps • electric guns for larger platforms like the modern AC-130 gunship [8] , U.S. Air Force
• electric launch technology for future naval platforms [9] , U.S. Navy Table 1 is a compilation of potential missions for CPAs, listed according to the respective primary defensive disciplines. The table also lists applications for designs using electrothermal-chemical cartridge (ETC), laser, and the highvoltage uncompulsator.
There is certain similarity between the topologies required by different disciplines. For example, one could assume that the need for high DED is a requirement shared by the U.S. Air Force, U.S. Army, and U.S. Marines; however, this requirement may be less for the U.S. Navy with larger supportable masses and volumes aboard ships. Otherwise, the grouping of the CPAs into correct places within the application guide was done based largely upon the experience of the authors [6, 10, 11, 12, 13, 14, 15, 16, 17] . Table 2 summarizes the configuration options used in each of the applications listed in Table 1 (codes used in Table  2 are explained in Table 3 ). As can be seen, there are few easy answers when it comes to selecting the optimal CPA for a given mission. In general, many trades must still be analyzed within the CPA itself to arrive at the optimal design.
IV. SUMMARY AND CONCLUSIONS
Rapid development of the CPA over the years has led to the existence of many proven variations.
Though present emphasis is on high DED, these new machines may not be the best selections for all applications. This is particularly true for naval applications, under the assumption that mass and volume constraints are much lessened compared to mobile armor and air force applications. The design guide presented can be a helpful tool for the electric gun technology planner, as it associates design features with general mission descriptions. It is critically important, however, to fully define and understand mission requirements, as this will drive the critical selection of air-core or iron-core topology. Finally, the design of the CPA will still require trades internal to the specific generator in order to define the optimal configuration. 
